
High-Efficiency Electrochemical Hydrogen Evolution Catalyzed by
Tungsten Phosphide Submicroparticles
Zhicai Xing,† Qian Liu,† Abdullah M. Asiri,‡,§ and Xuping Sun*,†,‡,§

†State Key Laboratory of Electroanalytical Chemistry, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences,
Changchun 130022, Jilin China
‡Chemistry Department, King Abdulaziz University, Jeddah 21589, Saudi Arabia
§Center of Excellence for Advanced Materials Research, King Abdulaziz University, Jeddah 21589, Saudi Arabia

*S Supporting Information

ABSTRACT: The development of high-efficiency non-noble-
metal hydrogen evolution reaction (HER) electrocatalysts
operating at all pH values is highly desired but still remains a
challenge. In this letter, we report on developing tungsten
phosphide submicroparticles as a high-efficiency HER catalyst
with high durability for electrochemical hydrogen generation
in acidic water. This catalyst shows a low onset overpotential
of 54 mV, a Tafel slope of 57 mV/dec, an exchange current
density of 0.017 mA/cm2, and nearly 100% Faradaic efficiency.
It needs overpotentials of 115 and 161 mV to afford current
densities of 2 and 10 mA/cm2, respectively. Moreover, this catalyst is also good in activity and durability under neutral and basic
conditions.
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Hydrogen production has attracted great scientific interest
because of its relevance to renewable energy storage and

its potential for providing energy without the emission of
carbon dioxide.1,2 Electrochemical water splitting, as a simple
way for large-scale hydrogen production, needs efficient
electrocatalysts for the hydrogen evolution reaction (HER) to
afford high current at low overpotential (η).3 The most active
HER catalysts currently known are Pt-group metals, but they
are too expensive to be widely used. The strongly acidic
conditions involved in proton exchange membrane (PEM)
technology require using acid-stable HER catalysts compatible
with PEM-based electrolysis units.4 Abundant nickel-based
materials are active for hydrogen evolution;5,6 however, their
poor corrosion stability in acidic media appears to be a
significant obstacle to such application. These limitations have
led to increased research interest into exploring acid-stable
inexpensive alternatives in past years. Mo-based compounds are
a big family of such catalysts with great success, including MoS2,
MoSe2, Mo2C, MoB, NiMoNx, and Co0.6Mo1.4N2,

7−17 among
others. In addition, microbial electrolysis cell needs HER
catalysts operating under neutral conditions,18 whereas alkaline
water electrolysis requires using catalysts efficiently in basic
media.19 It is thus highly desired to design high-efficiency non-
noble-metal HER catalysts capable of operating under all pH
conditions; however, to the best of our knowledge, only very
limited of such catalysts based on cobalt have been successfully
developed so far.20,21

W is similar to Mo as they are in the same group, and it has
also emerged as an interesting non-noble metal for its catalytic

power toward electrochemical hydrogen evolution. Tungsten
carbides are active for the HER under acidic conditions, but
they suffer from limited corrosion stability, especially at neutral
and higher pH values.22 Although W2N nanowires exhibit
improved stability, they need a large overpotential of 500 mV to
afford current density of 10 mA/cm2.22,23 Considerable
research efforts have been devoted to developing WS2 catalysts
with attractive catalytic activity in acidic media, but these
catalysts suffer from intrinsic poor electrical conductivity.24−29

Transition metal phosphides are interstitial alloys having good
electrical conductivity,30 and this property is a great benefit to
electrochemical performance of catalysts. Many recent studies
from our laboratory and from other groups have proven the
superior HER catalytic performance of transition metal
phosphides based on Fe-group and Mo elements.20,31−42 The
electrocatalytic behavior of tungsten phosphide for hydrogen
evolution, however, has been paid less attention. Only until
recently have amorphous WP nanoparticles been developed as
an efficient HER catalyst operating in acidic solutions.43 In this
letter, we report our recent effort toward this direction in
developing P-rich tungsten phosphide, WP2, submicroparticles
(WP2 SMPs) capable of electrochemically catalyzing high-
efficiency hydrogen evolution in acidic media. This catalyst
requires overpotentials of 115 and 161 mV to achieve current
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densities of 2 and 10 mA/cm2, respectively, with high
durability. It also shows good activity and durability in neutral
and basic solutions.
The WP2 SMPs were prepared through a temperature-

programmed hydrogen reduction of air-calcined precursor
obtained from (NH4)6·H2W12O40·xH2O, (NH4)2HPO4 and
citric acid with mole ratio of 1:2:2. The X-ray diffraction (XRD)
pattern for the product only shows peaks characteristic of WP2
phase (JCPDS No. 35-1467), as shown in Figure 1a. It is

reported that WP2 has MoP2-type structure, and its crystal
structure consists of a molecular channel pair hybridized by
both zigzagging layered channel and five ring-pore struc-
tures.44,45 Each W atom is coordinated with seven neighboring
P atoms with six P atoms located at the corners of a prism, and
the W atom is bonded with a residue P atom located at one of
the faces of the prism.45 Figure S1a and S1b show the X-ray
photoelectron spectroscopy (XPS) spectra in the W and P
regions for WP2 SMPs, respectively. Two peaks at 32.1 and
34.2 eV are attributed to W 4f7/2 and W 4f5/2, respectively. The
high-resolution P(2p) region shows two peaks at 130.8 and
130.0 eV, reflecting the binding energy of P 2p1/2 and P 2p3/2,
respectively.46 The predominant P species with binding energy
of 130.0 eV is assigned to P bonded to W, while the small peak
at 134.1 eV is assigned to oxidized P species arising from
surface oxidation due to air contact.47,48 The survey spectrum
(Figure S1c) confirms the existence of oxygen in the sample.
The scanning electron microscopy (SEM) image clearly

suggests a large amount of submicroparticles (Figure 1b) were

obtained. The energy dispersive X-ray (EDX) spectrum shows
a W/P ratio of 32:68, which is consistent within experimental
error with the expected 1:2 stoichiometry of WP2 (Figure S2).
The transmission electron microscopy (TEM) image further
shows that these submicroparticles are irregular in shape with
diameter ranging from 150 to 400 nm (Figure 1c). Although
these particles seem to have direct physical contact to form
aggregated block, they are well-dispersed in water and thus
easily processable, which is a good merit for the preparation of
catalysts ink. The high-resolution TEM (HRTEM) image taken
from the selected area in Figure 1c reveals clear lattice fringes
with an interplane distance of 0.340 nm corresponding to the
(20−2) plane of WP2, as shown in Figure 1d. The
corresponding selective area electron diffraction (SAED)
pattern of the same area exhibits several bright rings made up
of discrete spots, which can be indexed to the (20−2), (111),
and (401) planes of WP2 (Figure 1e). Figure 1f shows the
scanning TEM (STEM) image and the corresponding EDX
elemental mapping images of W and P for WP2, indicating both
W and P elements are uniformly distributed throughout the
WP2 SMPs. The nitrogen adsorption/desorption isotherm plot
shows that WP2 SMPs have a Brunauer−Emmett−Teller
(BET) specific surface area of 37.4 m2/g (Figure S3). It is
importance to mention that the same preparation without using
citric acid leads to bulk WP2 with specific surface area of 7.8
m2/g, as shown in Figure S4−S6. Note that four-point probe
resistivity measurements shows that the resulting WP2 is highly
electrically conductive with a DC conductivity of 55.3 S/cm,
implying it has high electronic transfer ability during electro-
chemical measurements.
To study the electrocatalytic activity of the WP2 structures,

they were deposited on glassy carbon electrode (GCE) with
loading of 0.50 mg/cm2 and evaluated in 0.5 M H2SO4 with a
scan rate of 2 mV/s. Bare GCE and commercial Pt/C (20 wt %
Pt/XC-72) was also tested for comparison. A resistance test
was made, and iR correction was applied to all electrochemical
measurements. Figure 2a shows the polarization curves. Pt/C
exhibits expected HER activity with a near zero overpotential
while bare GCE shows very poor HER activity. The bulk WP2
are not significantly active for the HER with an onset
overpotential (vs RHE) of 100 mV and only afford current
density of 0.48 mA/cm2 at an overpotential of 200 mV. In
sharp contrast, the WP2 SMPs are highly active for the HER
with a low onset overpotential of 54 mV and further negative
potential leads to a sharp rise of cathodic current. This catalyst
needs overpotentials of 115, 161, and 294 mV to afford current
densities of 2, 10, and 100 mA/cm2, respectively. These
overpotentials compare favorably to the behavior of most
reported molybdenum, tungsten, and other non-noble metal
based HER catalysts in acidic media (Table S1). The superior
HER activity for WP2 SMPs to bulk WP2 can be attributed to
the following two reasons: (1) their much higher specific
surface area favors the exposure of more active sites, leading to
improved catalytic activity;8 (2) their much lower charge-
transfer impedance (Rct) (13 Ω) than bulk WP2 (36 Ω) (Figure
S7) leads to more facile electrode kinetics.49 Although bulk
materials generally have low electric resistance due to the
reduced grain boundary, a less continuous and compact film is
formed because of their large size. That is why bulk WP2
deposited electrode shows a higher Rct.
Figure 2b shows the Tafel plots for WP2 SMPs, bulk WP2,

and Pt/C catalysts. The linear portions of the Tafel plots are
fitted to the Tafel equation (η = b log j + a, where j is the

Figure 1. (a) XRD pattern, (b) SEM image, (c) TEM image, (d)
HRTEM image, and (e) SAED pattern taken from the area marked
with a black rectangle in (c). (f) STEM image and EDX elemental
mapping of W and P for the WP2 SMPs.
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current density and b is the Tafel slope), yielding Tafel slopes
of 30, 57, and 107 mV/dec for Pt/C, WP2 SMPs, and bulk
WP2, respectively. The exchange current density (j0) of WP2
SMPs (∼0.017 mA/cm2) is 3 times of that of bulk WP2
(∼0.006 mA/cm2) (Figure S8). It suggests that the value for
WP2 SMPs is higher than those of bulk WP2 and most reported
non-noble-metal HER catalysts listed in Table S1. The
electrochemical active surface area (EASA) for WP2 SMPs
and bulk WP2 deposited electrodes was estimated to be 4.65
and 1.12 cm2, respectively (Figure S9). Figure S10 shows the
reploted Tafel plots with current normalized by EASA and the
Tafel slopes for WP2 SMPs and bulk WP2 are 65 and 122 mV/
dec, respectively. The EASA normalized j0 for WP2 SMPs is
9.12 × 10−4 mA/cm2, which is about 4 times of that for bulk
WP2 (2.34 × 10−4 mA/cm2). Given that the BET surface area
for WP2 SMPs is also about 4 times of that for bulk WP2, we
can conclude that both submicroparticles and bulk sample
possess similar intrinsic HER activity. The smaller Tafel slope
for WP2 SMPs is possibly a result of the lower Rct for WP2
SMPs deposited electrode and the HER occurring on a porous
matrix with higher specific surface area.50,51

Durability was further examined by cycling the WP2 SMPs
modified GCE continuously for 5000 cycles ranging from +0.10
to −0.30 V versus RHE at a scan rate of 100 mV/s. At the end
of the cycling procedure, this catalyst shows similar linear
sweep voltammetry (LSV) curve to the initial one with
negligible loss in current density (Figure 3). The long-term

stability of WP2 SMPs was also evaluated by electrolysis at a
fixed overpotential of 200 mV. Figure 3 inset shows that this
catalyst can remain catalytic current density of 20 mA/cm2 over
22 h. Although this catalyst shows about 20% loss in activity, it
still exhibits superior stability in a long-term electrochemical
process over some previously reported catalysts like defect-rich
MoS2 nanosheets,10 FeP arrays,34,35 Ni2P Nanoparticles,39

amorphous MoS2,
52,53 and so forth.

We further investigated the HER performance of the WP2
SMPs in 1.0 M PBS (pH 7). It shows an onset overpotential of
60 mV and a Tafel slope of 92 mV/dec with excellent durability
(Figure S11a and S11b). This catalyst needs an overpotential of
143 mV to afford current density of 2 mA/cm2. This
overpotential compares favorably to the behavior of most
reported Pt-free HER catalysts in neutral media (Table S2). In
addition, the WP2 SMPs are also excellent in activity and
durability with a Tafel slope of 60 mV/dec under alkaline
condition (Figure S11c and S11d). Overpotentials of 85 and
153 mV are needed for WP2 SMPs to afford current densities of
1 and 10 mA/cm2, respectively. These overpotentials are much
lower than those used by other non-noble-metal HER catalysts
in basic media except Ni−Mo alloy/Ti foil (Table S3). We also
determined the Faradaic efficiency of this catalyst for hydrogen
evolution using a previously reported method.20,31−34 The
agreement of the amount of experimentally quantified hydro-
gen with theoretically calculated hydrogen (assuming 100%
Faradaic efficiency) suggests that the Faradaic efficiency is close
to 100% (Figure S12).
Both hydrogenases54 and metal complex HER catalysts55−57

incorporate proton relays from pendant acid−base groups close
to the metal center where hydrogen evolution occurs. In our
case, the binding energy of W in WP2 is higher than that of
metallic W (31.5 eV), while the BE of P is lower than that of
elemental P (130.2 eV),58 indicating W and P in WP2 have a
partial positive (δ+) and negative (δ−) charge, respectively
(Figure S1a and S1b), resulting from a small transfer of electron
density from W to P in WP2.

59 Thus, like previously reported
HER catalysts based on hydrogenases,54 metal complexes55−57

and other transition metal phosphides including CoP,20,31,32

Cu3P,
33 FeP,34,35 Ni2P,

36 NiP2
37 and MoP,38 the WP2 also

features the pendant base P close proximity to the metal center

Figure 2. (a) Polarization curves for WP2 SMPs, bulk WP2, Pt/C, and
bare GCE in 0.5 M H2SO4 solution with a scan rate of 2 mV/s. (b)
Tafel plots for WP2 SMPs, bulk WP2, and Pt/C.

Figure 3. Stability of WP2 SMPs with an initial polarization curve and
after 5000 cycles at a scan rate of 100 mV/s between +0.10 and −0.30
V in 0.5 M H2SO4 (inset: time-dependent catalytic current density
curve during electrolysis for WP2 SMPs at η = 200 mV in 0.5 M
H2SO4).
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W, implying both W center and the pendant base P are the
active sites for the hydrogen evolution. We may conclude that
the W and P act as the hydride acceptor and proton acceptor
center, respectively, facilitating the HER,39,60 and P could also
facilitate the formation of W-hydride for subsequent hydrogen
evolution via electrochemical desorption.61

In conclusion, WP2 submicroparticles were developed as an
efficient hydrogen evolution electrocatalyst in strongly acidic
and basic as well as neutral electrolytes. Their electrocatalytic
performance places them among the best earth-abundant
alternatives to Pt catalyst toward electrochemical water splitting
for large-scale hydrogen fuel production. We should mention
here that Nafion was used as a polymer binder to effectively
immobilize these catalysts on current collectors. Such polymer
binder, however, generally increases the series resistance62 and
may block active sites and inhibit diffusion,63 leading to reduced
catalytic activity. Future work will focus on directly growing the
active phases on current collectors as binder-free self-supported
hydrogen evolution cathodes.
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